ABSTRACT-Intestinal segments obtained from guinea pig ileum were set up in an organ bath to record peristaltic responses to distension by a pressure rise in the lu men. The effects of drugs applied in the bathing medium on the peristaltic responses were examined. Sodium nitroprusside (10_9M to 10--'M) stimulated the peristaltic reflex. Nitroglycerin (10-7 M) was similarly effective in stimulating the peristalsis. A permeable cyclic GMP, 8-bromo cyclic GMP (2.5 X 10-4 M), mimicked the action of these compounds. Methylene blue (105 M) blocked the nitroprusside-induced sti mulation of the peristalsis, but not the effect of 8-bromo cyclic GMP. Sodium nitro prusside did not change the baseline tension of the circular muscle, and it enhanced neither the contractile response to electrical direct stimulation nor the cholinergic transmission to the circular muscle. These results suggest that nitric oxide is formed from the nitrocompounds in mechanosensitive neurons in the intestine and causes activation of guanylate cyclase by which the level of intracellular cyclic GMP is ele vated, and cyclic GMP acts to make the stretch receptors more sensitive. As nitric ox ide is derived from the enteric vascular bed or neurons, its importance as a modulator of peristaltic activity in the intestine is discussed.
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Endothelium-derived relaxing factor (EDRF) which is released from endothelial cells in the vascular system in response to a chemical sti mulation is accepted to be nitric oxide (NO) (1, 2) . EDRF exerts its relaxing action on underlying smooth muscle, and the effect is preceded by a rise in cellular levels of cyclic guanosine 3',5'-monophosphate (cyclic GMP) which may play a role in regulating the Ca ion concentration in the cytosol (2) (3) (4) (5) . Vasodila tor drugs of nitrocompounds form or release NO, and NO activates guanylate cyclase, there by leading to the accumulation of cyclic GMP (4-7). Thus, both EDRF and sodium nitro prusside share a common transduction mecha nism (2) (3) (4) (5) .
In the intestine enriched in blood vessel supply, EDRF might reach other structures in addition to vascular smooth muscle cells in which it acts, although it is a labile compound with a half life of less than 50 sec. Further more, an EDRF-like substance is suggested to be released from neurons in the myenteric plex us of the gastrointestinal tract (8) (9) (10) and those in the central nervous system (11) . This study investigated the effects of sodium nitro prusside on the peristaltic activity of guinea pig small intestine and was performed to pro vide evidence for a possible involvement of EDRF or an EDRF-like substance of neuron origin in the modulation of gut peristalsis.
MATERIALS AND METHODS
Guinea pigs weighing 300 500 g were ob tained from commercial sources and housed individually in a cage at least for one week be fore they were used in an experiment. Food and water were provided ad libitum. The animals were stunned and bled, and then the ileum was removed except for 7-8 cm of its terminal region. The contents of the isolated intestine were washed away by flowing Tyrode solution (composition given below) through its lumen, and then it was cut into 5 7 cm long segments. Each segment was set up in a 50-ml organ bath to record the initiation of peristal tic activity in response to distension by a pressure rise in the lumen (12) . The bathing medium was aerated and maintained at 37 ± 1°C. The ligated oral end of the intestinal seg ment was attached by thread to a force-dis placement transducer (Nihon Kohden, SB-1T) and the isometric tension developed longitudi nally was picked up by the transducer, ampli fied by a preamplifier (Nihon Kohden, RP-3), and recorded on a potentiometric recorder (Hitachi, 561). The other end of the segment was tied around the mouth of a J-shaped glass tube which was connected via a rigid poly ethylene tube to an electromanometer (Nihon Kohden, LPU-0.1). Whenever the intestinal segment was suspended without stimulation, the intraluminal pressure was kept at zero mmH2O pressure to prevent its distension. Desired distensions were achieved by intralu minal pressures brought about by changing the difference in water level between the organ bath and electromanometer. Outputs from the electromanometer associated with changes in the intraluminal pressure of the intestinal seg ment were coupled through a preamplifier (Nihon Kohden, RP-3) to a potentiometric pen recorder (Hitachi, 561).
Distension stimulation lasting for 4 min was repeated every 6 min. The effect of a drug was tested after peristalitic responses became re producible.
A ring preparation (10 to 20 mm long) of the intestine was set up in a 50-ml organ bath to record isometric tension developed in the circular muscle. Electrical stimulation was per formed through a pair of silver wire electrodes using a stimulator (Nihon Kohden, MSE-JM). For stimulation of the intrinsic nerves, rec tangular pulses of 0.05 msec duration at supra maximal intensities were delivered at 5 Hz for 5 sec, but for direct stimulation of the muscle, rectangular pulses of 500 msec at 10 volts were delivered at a 120-sec interval in the presence of tetrodotoxin (10-7 M) .
Tyrode solution used in the experiments had the following composition: 136.9 mM NaCl, 2.7 mM KCI, 1.9 mM CaC12, 0.4 mM NaH2PO4, 11.9 mM NaHCO3, 2.1 mM MgC12 and 5.6 mM glucose.
The following drugs and chemicals were used: atropine sulphate, sodium nitroprusside and methylene blue (Wako); tetrodotoxin and cyclic 8-bromo-guanosine 3',5'-monophosphate (Sigma); L-NG-nitro arginine (Aldrich); and nitroglycerin (Nipponkayaku).
The drug was applied to the intestine by adding a small volume of the concentrated drug solution to the bathing solution to give the final concentrations stated.
Mean data are presented with their standard errors. Student's t-test or Cochran's test was used to evaluate the results. Probability less than 0.05 was considered significant. Effects of sodium nitroprusside and nitro glycerin on peristaltic responses Sodium nitroprusside at the concentration of 10-7 M increased the frequency but not the magnitude of peristaltic responses, when ap plied to the preparation in the bathing solu tion, as shown in Fig. 2 . The frequency of peristaltic movements in response to disten sion at 10 mmH2O increased as the concentra tion of sodium nitroprusside was increased from 10-9 M to 10-5 M. The results were ex pressed as a percentage of the frequency of peristaltic responses to the second distenstion stimulation in the presence of the drug versus the frequency of peristaltic responses to the distension stimulation immediately before ap plication of the drug. The drug at 10-7 M in variably showed the maximal effect, but above 10-7 M, the effect was decreased. The stimu lant effect of the drug was less pronounced when the frequency of the peristaltic response was large. Figure 3 shows the average fre quencies of peristaltic movements produced by distension stimulations at 10, 20 and 30 mmH2O in the presence and absence of sodium nitroprusside (10-7 M). The value for 30 mmH2O was not significantly greater than the corresponding value when no drug was present. The onset and duration of the stimu lant action of sodium nitroprusside were deter mined by varying the interval between the drug application and the distension stimula tion. The stimulant effect was found to start less than 30 sec after its bath application, and it lasted for 30 min or more. The threshold in traluminal pressure for initiation of peristaltic response was also reduced. This was shown by the findings that distension stimulation at 5 mmH2O was ineffective in initiating the peri staltic reflex in some preparations, but it be came effective in all the preparations after ap plication of the drug. The stimulant effects were obtained without any appreciable change in the beseline pressure in the lumen de veloped by raising water pressure, suggesting that the drug-mediated stimulation of the peristalsis is not related to any change in tone of the circular muscle. The average rates of propagation of peristal tic waves were 3.0 ± 0.4 cm/sec (n = 28) be fore and 3.1 ± 0.1 cm/sec (n = 9) and 2.8 ± 0.4 cm/sec (n = 8) after application of sodium nitroprusside at 10-8 M and 10-7 M, respec tively. The difference of the values in the pres ence of the drug from the control was not sig nificant, indicating that the drug has no effect on the propagation rate.
Another nitrocompound, nitroglycerin, was similarly effective on the peristaltic reflex. The frequency of peristaltic waves was significantly increased after application of nitroglycerin (10-7 M), and the threshold distension for ini tiation of paristaltic reflex was also reduced (Fig. 4) . 
Effects of methylene blue and 8-bromo-cyclic GMP on nitrocompound-induced stimulation of peristaltic responses
In the vascular system, nitric oxide (NO) is formed or released from sodium nitroprusside and nitroglycerin, and NO produces a rise in cyclic GMP levels by activating guanylate cyc lase. Therefore, a possible involvement of cyc lic GMP was suggested in the vasodilation (4, 7). Methylene blue was described to be a use ful inhibitor of guanylate cyclase activation by NO (13) (14) (15) . When methylene blue was ap plied to an ileal segment in the bathing solu tion, the frequency of peristaltic responses was decreased in a dose-dependent manner, and subsequent application of sodium nitroprusside was without effect, as shown in Fig. 5 . The average frequency of peristaltic responses of four preparations in the presence of methylene blue at 10-5 M was 4.8 ± 0.5 (n = 4) for dis tension stimulation at 10 mmH2O, which was smaller than the corresponding value (7.8 ± 0.9) in normal solution. The average frequen cy of peristaltic responses after application of sodium nitroprusside was measured to be 4.3 ± 0.5 in the same preparations. There was no significant difference between these means. frequency of peristaltic responses at 7 mmH2O from 7.5 ± 0.4 to 12 ± 0.9 in six preparations, as shown in Fig. 6 . This effect was preserved in the presence of methylene blue (Fig. 7) . Fig. 7 . The effect of 8-bromo-cyclic GMP on the peristaltic response of an isolated ileal segment to the dis tension stimulus lasting for 4 min in the presence of methylene blue (10-s M). The stimuli at 7 mmH2O were repeated every 6 min. The drug was added to the bathing medium 1.5 min prior to the third stimula tion.
Effect of L-NG-nitro arginine on peristaltic re sponses The inhibitory effect of methylene blue it self on the peristaltic response might indicate an important role of endogenous NO in the peristaltic reflex. To test this possibility, we determined the effect of L-NG-nitro arginine, an inhibitor of NO biosynthesis (16, 17) , on the peristaltic reflex. L-NG -nitro arginine (up to 5 X 10-5 M) had no effect on the re sponses, as shown in Fig. 8 .
Effects of sodium nitroprusside on contractile responses of the circular muscle to electrical direct stimulation and nerve stimulation All twelve ring preparations of the ileum ex hibited spontaneous mechanical activity of irregular frequency and size in the circular muscle. The response of the circular muscle to electrical direct stimulation with single pulses was usually a twitch contraction which reached its maximal tension in 1 to 2 sec and then faded rapidly. In some cases, the response consisted of 2 or 3 twitch contractions re peated with progressively-declining sizes. Sti mulation of the intramural nerves also elicited a twitch contraction that faded in 2 sec, and the response was abolished by 10-7 M tetro dotoxin.
Application of sodium nitroprusside in a concentration (10-7 or 10-8 M) high enough to enhance peristaltic activity inhibited the as reported for vascular tissue (2-7). Thus, the same sequence of events may take place somewhere in the intestine to enhance the peristaltic activity. The enteric nervous system and the muscu lature together are described to contribute to the peristaltic reflex (18) . We found that sodium nitroprusside at 10-7 M or 10-8 M did not produce any appreciable change in the propagation rate of the peristaltic waves and in the contractile responses to direct or in direct stimulation of the circular muscle. Therefore, the enteric nervous system in volved in conduction of the peristaltic waves and the circular muscle are excluded from the possible sites of action of the drug. The base line pressure that is an intraluminal pressure developed by a rise in water pressure (see Meterials and Methods) is mainly determined by the tonus of the circular muscle, and conse quently related to circumferential distortion of the intestinal segment. The threshold intralu minal pressure for initiation of the peristaltic reflex was reduced by sodium nitroprusside without any appreciable change in the baseline pressure. This observation seems to suggest that the drug may render mechanosensitive neurons which have a stretch receptor more sensitive to the distension stimulation, i.e., a smaller distension is necessary for activation of the stretch receptors in the presence of sodium nitroprusside.
Mechanosensitive neurons, AH neurons (19) or type 2 neurons (20) , are supposed to play an important role in intestinal peristalsis (18) . If sodium nitroprusside decreases free in tracellular Ca2+ via elevation of cyclic GMP in the mechanosensitive neurons, as in vascu lar muscles (14) , it would increase their excita bility, since the resting potassium conductance of the membrane is known to be Ca 2+-depend ent and the low excitability state is related to the high resting membrane conductance for K+ (18) . Experiments on this type of mecha nosensitive neurons are now under way to in vestigate whether or not sodium nitroprusside affects their excitability.
Nitric oxide is reported to be formed from L-arginine in a variety of cells including vascu lar endothelial cells (21) , and involved in the biological activity of those cells. In the present experiments, L-NG-nitro arginine, an inhibitor of NO release from L-arginine (16, 17) , was without effect on the peristaltic response. Thus the inhibition by methylene blue of the peristaltic response does not mean that en dogenous NO formed from L-arginine plays an important role in producing the peristaltic reflex at least under the conditions used in the present experiments. However, inhibition of guanylate cyclase by methylene blue is consi dered to account for the inhibition of the sti mulant effect of sodium nitroprusside attri buted to NO released by the nitrocompound, since the stimulant effects of 8-bromo-cyclic GMP and substance P (H. Ohashi et al., un published data), unlike that induced by sodium nitroprusside, were well preserved in the presence of methylene blue.
It has been suggested that NO could be re leased from intramural nerves in the gastroin testinal tract (8 10) and neurons in the cen tral nervous system (11) and might act as a neurotransmitter or a neuromodulator in the intestine. Recently, its release upon stimula tion of non-adrenergic and non-cholinergic nerves was demonstrated in the canine ileoco lonic junction and thought to act as a neuro transmitter (8) . The present results suggest a possible role of stimulated NO release for modulation of the peristaltic reflex in the in testine.
